Spinal cord Shawn Hochman
As part of the central nervous system (CNS), the spinal cord is the gateway for information transfer between body and brain, as well as a center for neuronal circuits that integrate and coordinate complex sensory, motor, and autonomic functions. This primer provides an overview of the organization and function of the mammalian spinal cord. With millions of neurons arising from eleven distinct progenitor domains, and differentiating into perhaps more than fifty separable populations of neurons, the spinal cord is clearly a multifaceted CNS structure.
The spinal cord is housed within the spinal (vertebral) column surrounded by meninges. It is divided into segments along its length. Each segment has a spinal nerve that exits the CNS containing the sensory, motor and autonomic nerve fibers involved in body function. In humans, there are eight cervical, twelve thoracic, five lumbar, and five Primer (I-X). These can broadly be divided into: the sensory dorsal horn (laminae I-VI); the intermediate gray (lamina VII); and the ventral horn (VII-IX). Motor neurons are located in lamina IX. An intermediolateral cell column contains sympathetic (T1-L2) and parasympathetic (S2-S4) preganglionic neurons. The axons of motoneurons and preganglionic neurons exit via ventral (anterior) roots to innervate skeletal muscle and postganglionic neurons, respectively.
The sensory system
An abundance of spatially and molecularly distinct sensory afferents convey information from various types of receptor in the body organ systems. These are chemoreceptors, thermoreceptors, mechanoreceptors and nociceptors, which translate physical stimuli into electrical signals. Different receptors encode different properties or modalities, including touch, temperature, pain and movement. Non-pain encoding mechanoceptors include Aβ receptors in the skin; equivalent stretch-sensitive and force-sensitive fibers from muscle are designated group Ia and II, and Ib, respectively. Afferent fibers encoding pain, temperature and sacral segments. Two portions of the spinal cord are enlarged to house the greater number of neurons required for limb function: the cervical (forelimbs) and lumbar (hindlimbs) enlargements. The rostrocaudal organization of the spinal cord is associated with regional innervation patterns and its operation includes the integrative processing of cutaneous, musculoskeletal and autonomic function.
The segmental organization within the spinal cord is shown in Figure 1 . Sensory neurons (primary afferents) synapse onto spinal neurons largely within the dorsal horn, and also project rostrocaudally via axon tracts. White matter surrounds the cord and comprises the axon tracts that relay signals to and from brain and between spinal segments. The spinal cord gray matter consists of the dorsal and ventral horns and contains: sites of termination of primary afferent neurons and neurons descending from the brain; interneurons; and ascending tract cells projecting to higher CNS levels.
The several hundred thousand neurons per segment are housed within cytoarchitectonically defined anatomical layers called laminae Primary sensory neurons located in dorsal root ganglia project via dorsal roots onto spinal neurons largely within the dorsal horn, and also project rostrocaudally via white matter axon tracts. The spinal cord is divided into several layers or laminae (left side of cord). Laminae I-VI constitute the dorsal horn. Laminae VII-IX are in the ventral horn. Lamina IX contains the various motoneuron pools (nuclei) whose axons, along with sympathetic preganglionic neurons located in intermediolateral nucleus (IML), exit via ventral roots. Sensory information is transmitted to brain through two principal axon tracts, the dorsal column and anterolateral system. additional 'autonomic' modalities include Aδ and C fibers for skin; group III and IV fibers in muscle; and C fibers for viscera. Group IV and C fibers have unmyelinated axons.
Dorsal horn
The vast majority of primary afferent synapses are found in segregated regions in the dorsal horn, reflecting the different functions of various laminae and primary afferent fiber types. The receptor location on the body surface has a corresponding anatomical representation in the spinal cord, and each spinal cord neuron will only be excited if the appropriate physical stimulus occurs at appropriate locations on the body -its receptive field.
The somatosensory system processes all afferent signals arising from skin and deeper tissues. These signals are transmitted and mapped along sensory pathways that enable a representation of the sensory stimulus to specified regions in cortex. The dorsal column pathway conveys faster conducting signals from specific sensory modalities of touch, vibration, and proprioception (mediated by Aβ, I and II sensory axons), as well as visceral pain, to the brainstem dorsal column nuclei. The anterolateral (ventrolateral) system transmits more slowly conducting information of pain, temperature and crude touch (mediated by Aδ, C, III and IV sensory axons) via ascending tract neurons located in laminae I and V (Figure 1 ). These neurons project to numerous brain regions, including thalamus.
Lamina I and lamina V anterolateral tract neurons are functionally and anatomically separable sensory pathways. Those in lamina I are tuned to respond to unique afferent qualities, are somatotopically mapped, and project to regions that suggest they are part of the afferent arc of the autonomic nervous system. Lamina V neurons receive 'modalityambiguous' input from various pain and innocuous afferent modalities, and appear best suited for the sensory integration required for whole body responses.
Somatosensory information is initiated by graded stimuli from multiple sensory modalities that converge and interact spatiotemporally on spinal neurons. Here, an integrated, population-encoded response is transmitted to other behaviorally relevant regions (such as the brain or segmental motor systems). This sensory transformation is dynamically controlled by many factors, including selection of interneuronal populations, neuromodulation and activity-dependent synaptic plasticity.
The primary interneuronal populations in the dorsal horn are glutamatergic excitatory and GABA or GABA/glycinergic inhibitory interneurons. Primary afferents predominantly release glutamate as a neurotransmitter to evoke fast postsynaptic responses composed of early AMPA/kainate and late NMDA receptor-mediated components. Metabotropic glutamate receptors are also activated. Modality-selective and modality-ambiguous neurons are found in the spinal cord and classified as nociceptive-specific (Aδ and C, group III and IV), low-threshold (Aβ, group I and II) or wide dynamic range (modality ambiguous). Wide dynamic range neurons represent the majority of neurons in the spinal cord.
Presynaptic inhibition of primary afferent input
The continuous barrage of sensory information from the periphery requires central mechanisms to limit and channel their signaling. The intraspinal terminals of primary afferents is the first CNS site for this control, and multiple mechanisms have evolved to perform this presynaptic inhibitory function. The simplest and dominant organization is via negative feedback depression of activated afferents ( Figure 2A) . A primary mechanism for controlling primary afferents is by depolarization of their terminals -primary afferent depolarization (PAD) -which paradoxically reduces transmitter release. There are axo-axonic and dendro-axonic synapses onto primary afferent terminals, and PAD has been shown to occur chiefly via activation of ionotropic GABAergic (GABA A ), glutamatergic (AMPA, kainate, NMDA), and serotonergic (5-HT 3 ) receptors. Numerous presynaptic inhibitory actions also occur, independently of PAD, by activation of metabotropic receptors, including GABA B , peptide, and monoamine receptors. Overall, presynaptic inhibitory actions may occur by direct synaptic actions from interneurons, direct and indirect actions from descending systems, via volume transmission, or more directly, via local non-spiking circuits. Each primary afferent modality may have its own unique complement of presynaptic inhibitory mechanisms.
Synaptic plasticity and pain
A major function of the dorsal horn is to integrate and relay pain information to higher centers. But the spinal cord is also dynamically regulated by the pain system it processes, and exhibits considerable plasticity. Spinal neurons are sensitized following stimuli that activate nociceptive fibers. This central sensitization has been experimentally characterized by an increased excitability in response to sensory inputs, a prolonged afterdischarge to repeated stimulation ('wind-up'), and expansion of peripheral receptive fields. Repetitive activation of nociceptors can also induce maintained alterations in synaptic strength, observed as either long-term synaptic potentiation (LTP) or long-term depression (LTD).
These modifications principally occur at glutamatergic synapses, as NMDA receptor activation is required for their induction and the superficial dorsal horn is NMDA receptor dense. Aside from glutamate, at least some primary afferents are purinergic, and many afferents co-release a variety of neuropeptide transmitters including substance P, calcitonin gene-related peptide, galanin and neuropeptide Y. Interestingly, many of the neurons in the dorsal horn are similarly peptidergic. These other transmitters also contribute to long-lasting changes in spinal cord function.
Numerous descending systems project to the dorsal horn to modulate nociception. Some are controlled by an endogenous midbrain opioid circuitry in the periaqueductal gray which facilitates brainstem release of the monoamine transmitters serotonin and noradrenaline. Numerous other systems also project to the dorsal horn to modulate nociception. While these modulatory systems principally function to depress pain information, pain facilitatory actions are also found.
The motor system
The ventral horn comprises lamina VII-IX. The primary interneuronal populations in the ventral horn are glutamatergic excitatory neurons and glycinergic inhibitory neurons. Motoneurons are largely cholinergic, with at least some containing glutamate as co-transmitter. Autonomic preganglionic neurons are cholinergic. Motoneurons are control are the muscle spindles (Ia, II) and the Golgi tendon organ (Ib) afferents, which convey information on muscle stretch and contraction. This proprioceptive information -sensory information from muscle afferents -is essential for motor behavior. A reflex is an involuntary response to a specific sensory stimulus that depends on the location of the stimulus to determine the muscles recruited. Spinal reflexes are responses to sensory stimuli arising from receptors in muscles, joints, and skin, either directly or, much more commonly, indirectly via one or more interposed interneurons, and the neural circuitry responsible for the motor response is entirely contained within the spinal cord.
The stretch reflex is the simplest spinal reflex and depends only on the monosynaptic connections from muscle spindle afferents to motoneurons innervating the same and functionally related muscles ( Figure 2B ). But even the simplest reflex recruits interneurons, and a fundamental organizational strategy involves coordinating muscles acting across a joint so that synergists are recruited while antagonist muscles are actively inhibited. The most overt behavioral example of reciprocal actions between antagonist muscles is the flexor withdrawal reflex, where a nociceptive stimulus excites flexor and inhibits extensor motoneurons.
Spinal cord interneurons and neuronal integration
All spinal neurons receive convergent input and project divergent output. A complex interneuronal circuitry must exist to coordinate the control of limb extensor and flexor activity across multiple joints bilaterally. Indeed, interneurons make up as much as 97% of all cells in the cord -motoneurons and ascending tract cells comprise the rest -and account for one to two thirds of all axons in the white matter. The white matter axon tracts of descending, ascending, and interneuronal systems are topographically organized as shown in Figure 3 .
Spinal interneurons receive multi-convergent input from found in longitudinal columns in lamina IX. They send axons out of the ventral root to innervate skeletal muscle fibers at the neuromuscular junction. The CNS ultimately relies on synaptic integration at the level of the motoneuron in order to produce the appropriate muscle contractions, so motoneurons are called the 'final common pathway' for motor processing. Accordingly, motoneurons are among the largest neurons in the CNS with extensive dendritic arbors that receive 20,000-50,000 synapses. Alpha (α) motoneurons supply skeletal (extrafusal) muscle fibers and are responsible for movement; g-motoneurons are smaller than α-motoneurons and innervate intrafusal muscle fibers to control muscle tone by regulating the sensitivity of muscle spindles to stretch (see below).
Reflexes
For effective control of muscle, the CNS needs information about the lengths of the muscles and the forces they are generating. Two muscle receptors important for motor Figure 2B ). The Ia inhibitory interneuron receives Ia muscle spindle afferent input from its stretched muscle and produces a disynaptic inhibition of antagonist muscles across a joint (termed reciprocal inhibition). The Renshaw cell is activated by recurrent α-motoneuron axon collaterals to provide a negative feedback control of motor output. These interneurons, in concert with α-and γ-motoneurons, constitute a functional unit of motor control across a joint termed the motor output stage. Another interneuron group, the group I non-reciprocal inhibitory interneuron, demonstrates the complex control of motor function provided by selective recruitment of individual populations of interneurons. These interneurons are activated mostly Ib and Ia afferents and diverge to affect extensor motoneurons of practically all muscles of a limb to co-ordinate activity of muscles operating at different joints, regulate muscle activity during stepping, and regulate muscle tension depending on the speed of the gait.
Locomotion
The entire locomotor neural network resides in the spinal cord and is called the locomotor central pattern generator (CPG). The most rhythmogenic neural elements for hindlimb are located in the rostral lumbar cord. The identity of the spinal interneurons comprising the pattern generator include ipsilateral and commissural interneurons predominantly in the ventral half of the spinal cord ( Figure 2C ). Hindlimb motor-pattern-generating CPGs appear to be composed of distinct modules (burst generators) of rhythm generating elements that allow for flexible multi-joint (hip, knee, ankle) and inter-limb patterns of coordination. Separate modular rhythmogenic elements control flexor and extensor activity across an individual joint and these modules reciprocally inhibit each other.
Comparable interconnections between joints and across limbs are the basis for the 'unit burst generator' hypothesis and allow for flexible interjoint and interlimb activity patterns. These modules could exist as parallel networks of burst generators, or possibly subordinately embedded into an additional hierarchical rhythm generator that more globally regulates the locomotor rhythm. It is also possible that different gaits of locomotion, for example walking versus running, recruit distinct burst generators. Afferent and descending systems can initiate, enhance, entrain or reset the locomotor rhythm dependent on the timing of their input. A common finding is that descending neuromodulatory transmitters are involved in the activation and modulation of locomotor circuits.
Descending and ascending control of spinal motor circuits
There are over 30 distinct descending systems. The actions of only a fraction have been extensively studied. Individual descending systems diverge to influence a wide variety of neuronal populations and different brain regions converge to affect the same group of interneurons. It is easiest to define descending systems controlling motor function as belonging to somatic motor systems involved in the independent execution of various movements and to drive motor systems involving pathways in the limbic and autonomic systems. Lateral somatic motor pathways include the lateral corticospinal, rubrospinal and the medullary reticulospinal tract, and control the activity of the limb extremities, including fine manipulatory activity. Medial system pathways include the lateral vestibulospinal and pontine reticulospinal tracts that control body and whole limb movement -posture, balance and locomotion (Figure 3) . The drive motor systems activate various behaviors including appetitive, defensive and sexual, and also alters the general excitability of the spinal cord. The drive motor systems can be viewed as neuromodulatory.
Projections from several descending monoaminergic and peptidergic nuclei potently modulate spinal cord sensory and motor activity by releasing transmitters that act on metabotropic receptors. They exert actions on a multiplicity of membrane channels so that the entire physiological performance of a cell and network interactions can be reconfigured. Motor information ascending to brain has been less well studied than that of descending systems. Dorsal and ventral spinocerebellar tracts play a significant role in the control of posture and locomotion. These systems appear to provide a population-encoded representation of limb mechanics during movements. Control of head position also likely involves spinovestibular tract cells.
Motor plasticity
Motor plasticity is important for the acquisition and maintenance of new motor skills, and to control ongoing changes in function. The spinal cord motor system can undergo long-lasting changes in function, including 'motor learning', in an activity-dependent manner. Reflexes that include recruitment of NMDA receptorcontaining dorsal horn neurons, like the spinal flexion reflex, can undergo LTP. However, except for during development, the ventral horn has few NMDA receptors that would support abrupt, lasting changes in excitatory synaptic strength. Accordingly, longer-duration training protocols are required. Examples include alterations in the stretch reflex using operant conditioning, and retraining hindlimbs to step and stand after cord transection.
The autonomic system
The spinal cord houses sympathetic and parasympathetic preganglionic neurons. These neurons arise from the same progenitor cells as somatic motoneurons. Unlike their somatic counterparts, autonomic efferents are not thought to receive direct sensory input, though they are clearly influenced by them. The entire CNS output of the autonomic sympathetic nervous system is via sympathetic preganglionic neurons located in T1-L2 spinal segments. These neurons are found in numerous symmetrically located longitudinal columns in the intermediate gray matter. They project to postganglionic neurons located in ganglia just outside the spinal cord (paravertebral) or at more distant sites (cervical or mesenteric, for example). Postganglionic neurons then innervate body systems to homeostatically regulate the function of all organs.
Sympathetic preganglionic neurons are the final CNS arbitrator of sympathetic cardiovascular tone and more generally regulate most or all organ systems. A fraction of the parasympathetic nervous system is also housed in the spinal cord as preganglionics in S2-S4 spinal segments (the rest are found in brainstem). These neurons regulate bowel, bladder and sexual function. The spinal cord portion of the autonomic nervous system is controlled by numerous structures, including the hypothalamic paraventricular nucleus and various brainstem structures.
Neuromodulatory transmitters
There is probably no transmitter in brain that does not also act in spinal cord, and there is an equivalent variety of biochemical actions initiated by transmitters. Of the families of G protein-coupled receptors, the neuropeptide and monoamine receptors most clearly affect spinal cord function. Spinal actions of the monoamine transmitters serotonin and noradrenaline have been studied in the greatest detail; they are released from descending terminals of cell bodies located in brainstem nuclei.
With some exceptions, the following observations about serotoninergic and noradrenergic spinal neurons are broadly applicable: Their axonal projections are diffuse throughout the rostrocaudal and dorsoventral axis. Their actions are equally widespread throughout the neuraxis, from direct actions on primary afferents through to direct actions on motor outputs (motoneurons, autonomic preganglionics). They broadly depress nociceptive input, while facilitating motor output, including direct amplification of motor efferent responsiveness. Their terminals tend to end blindly in the dorsal horn to act via volume transmission while classical synapses are seen in the ventral horn.
Development
The embryonic spinal cord contains eleven progenitor domains distributed in eleven distinct dorsoventral regions of the early embryonic neural tube and producing a small number of primary neuronal classes. Positional inductive signals acting on these dorsoventral zones control the expression of distinct combinations of transcription factors which give rise to different neuronal classes; these classes are further elaborated by unique complements of late-expressing transcription factors. For the dorsal horn, these primary neuronal classes are denoted dl1-dl6 dorsoventrally; dl4 and dl5 neuronal classes migrate dorsally to give rise to superficial dorsal horn neurons while dl1-dl3 classes differentiate into deep dorsal horn neurons. Further differentiation leads to the formation of excitatory, inhibitory and peptidergic interneurons, and ascending tract cells.
Most ventral horn interneurons are derived from four embryonic subclasses referred to as V0, V1, V2, and V3. Motoneurons represent another primary neuronal class sandwiched between V2 and V3. It is clear that later differentiation steps are required to further subdivide these classes into the diversity of adult spinal motoneurons and interneurons seen. Transcriptionally identified spinal neurons early in development are now being related to their physiological operation and identities in postnatal cord. V1 interneurons develop into ipsilaterally projecting inhibitory interneurons that include the Renshaw cells and Ia inhibitory interneurons described earlier.
In the adult, remarkably variable and complex interconnections are seen between neurons even within an individual functional class. Thus, while developmentally controlled transcriptional interactions set the initial substrate for network function, network complexity must occur through on-going activity-dependent mechanisms.
Perspective
The spinal cord is commonly viewed as a separate structure from brain that functions as a simple relay between brain and body. As should be clear from the above, this is an inaccurate view, perhaps amplified by a gross anatomical discrimination. The brain and spinal cord are one continuous structure comprising the central nervous system, bounded by a common blood-brain barrier, and arising from a common progenitor ancestry. A more holistic and appropriate physiological view would see the spinal cord as blending with the brainstem and having many shared functions, including somatosensory amalgamation, postural/movement control, respiration, autonomic function and an enormous integrative capacity. Some early anatomists described the cord central gray matter interior as anatomically analogous to the brainstem reticular formation, suggesting a close kinship between these structures. This is a view to which I subscribe.
